



















































































































































































































































Pia ik = URS 
ELECTRONICS AND COM 


U.K. 99p Australia $2.50 New Zealand $3.00 South Africa R2.75 ae 














Contents Part 24 


SOLID STATE ELECTRONICS — 24 


contd 
Operational amplifiers — 1 


BASIC THEORY REFRESHER 


Real and reactive power : 748 


DIGITAL ELECTRONICS — 22 


Instrumentation and control systems — 1 


COMPUTERS AND SOCIETY — ] 


Technology in the home — 1 


SOLID STATE ELECTRONICS — 25 


Operational amplifiers — 2 


[37 


732 
737 


765 
I.T.E.C. is complete in 5] weekly parts (50 parts + Index). 


POSTAL SUBSCRIPTIONS 
UK readers 
_You can arrange to receive weekly copies of | LEC. at 
999 each inclusive of postage and packing. Simply 
ideo the cost of your subscriptions by multiplying 
the number of parts you require by 99p and send a 
cheque or postal order for that amount to:— 
Subscriptions Dept., GEJ Publishing Ltd 
187 Oxtord Street, LONDON WIR 1AJ. 
with a note of your name and address, where you wish 
the copies to be sent and the part number from which 
you want the subscription to Sa Please allow 28 days 
for your subscription to be processed plus postal time. 
Eire readers 
As above, but you should calculate the cost of your 
subscription at IRC1.75 per part. 
Other overseas readers 
May pay in the currency of their choice provided that its 
value when converted to sterling is £1.50 per part. 
Minimum subscription 10 parts. 


ITEC isan 


pmvestment 


aes ee Fhder. wil | 

_ turn your weekly parts of 
LT.E.C. into a complete 
series of bound volumes. 
Simply remove the covers 
from each part and file them 
in order — the pages run in 
continuous sequence. 


Dr. Robert King, 


CONSULTANTS 


This series has been pode in eolaborciicn with 


TEXAS INSTRUMENTS Learning Centre. Editorial fee 
graphics assistance is gratefully acknowledged. : 


U.K. Technical Consultant _ 
Reader in Communications Engineering, 
Imperial College of Science and Technology, London. 


BINDERS 


U.K. & Eire 

Details of how to obtain your binders for ee will 
appear in Part 30. 

Australia 


Write to |. T.E.C. Binders, Gordon & Gotch Lid. FO Box 


213, Alexandria, New South Wales 2015. 


New Zealand 


Write to 1/7 E.C. Bade Gordon & Gotch ANZ) lid, 
PO Box 595, Wellington 

South Africa 

Binders are available at R7.95 (please add sales tax] 


from any branch of Central Nowe Agency. In case of 


ditficulty please write to Intermag, P.O. Box. 57934 
Springfield 2137. 
Other countries 


Binders are available from your local newsagent. 


BACK NUMBERS 


U.K. 


Back numbers can be os from your newsagent Or 


from | E.C. BACK NOS. Whintrey Strachan Ltd., 


Oxford Street, London WIR 1AJ. Price ae each inc. 


p + p. Please allow 21 | days for delivery. 

Eire 

As for U.K. but please remit in Sterling if ordered by 
post. 

Othercountries __ 

Copies available from your local newsagent. 


INDEX 


The final. part of LTLEC. will bea fully cross-referenced 
INDEX to the complete work _ 


Reiner” 


| Editor 
Amanda Kirk 


Technical Edo 
Keith Brindley 


Art Editor: 


Alistair Carlisle 


Sub Editor: 
Nicholas Bellenberg 


Cop y Consultant 
Chris Wallace (Creative - 
Technical Services] 


Published by GE) 
Publishing lid. 


Distributed by | Whinfrey 
Strachan Ltd. 

le] Oxtord Street, London 
WIRIAL | 


© Gruppo Editoriale 


Jdcexson Lid. [954 


© This edition G.E. J. 


Publishing Ltd. 1984 


Printed in England by 
_ Southernprint Lig. 


Photographs, unless other 
wise stated, are from the 
library of Texas” Instru- 
ments. 


Cover, Thyristor heal sink. 


_ (Photo: Paul Brierley]. 






































(continued from part 23) 


Looking at figure 6, we can see that 
current I, flows through resistor R, to 
junction P, and current I; flows through 
resistor R;. The ampifier’s impedance is 
high enough to make the current I_ that 
flows into the inverting input negligible, 
compared with currents I,,, and |;, so that I, 
= I,. If we also assume that the current I, 
into the non-inverting input is negligible, 
then the non-inverting input is at 0 V, and 
the voltage at the inverting input is V, with 
respect to ground. This gives us: 


Ln _ Vine V 


R; 
and: 
V ae Vout 
F ee eae Te 
R,; | 
Remember, I,,, = | so: 
Vin = V V oe Vout 
Rj f 
If we substitute —V,,,,,/Ao, for V, since V is 
the inverting input voltage and the non- 
inverting input voltage is zero, then: 
Vin a Vout/AoL _ = out Aor = Vout 
R; Ry 
rearranging this equation gives us: 


SAI SOU Cut Veit 
R, Ry Aor Ry Ao. Ry 
SO: 
Ry Ve = Vou( Rye 7 aie +] 
Ry R, Aor Aor 


The closed loop gain, G, can therefore be 
seen to be: 


Vout 
G === 
Vin 
== —R/R, 
L/Aor (RyRy +1)+1 


Now, if Ao, is large enough, we can ignore 
the term multiplied by 1/Ao, (since this will 
be a very small number) giving a closed loop 
gain of: 





" Vin R; 


(This gives us a negative value, because 
the inverting input is being used.) This 
proves, therefore, that the gain, G, is 
determined by the ratio of the resistors R; 
and R;. | 
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There is an alternative analysis to the 
rather long, but straightforward proof that 
has just been explained. We'll take a look 
at it now, as it introduces an important 
point about this type of circuit. | 

If the amplifier gain Ao, is very large, 
then, since V = V..,./Aor, V must be very 


- small compared with V..;. Thus, the invert- 


ing input can be thought of as being at 0 V, 
if Ag, is large enough. Therefore, the point 
P in figure 6, whilst not directly connected 
to ground, can be thought of as being 
virtually at 0 V and is therefore termed a 
virtual earth. 

As a practical example, we'll assign 
values to the resistors in figure 6. We want 
the circuit to give a gain of —10 (a negative, 
remember, because the output will be 
inverted), and we define R, to be 100 kQ. 

R 
us 
-~-G = R, 
so R; = 10 x 100 kD = 1 MOQ. Resistor Ro 
is defined by: 
ee R; _R Ry 


eRe, 
1x10°x1x 10° 


1X10 1 x10 
1 x 101! 


1 X10 
= 90909.09 

The nearest preferred value (real value) of 
a resistor to this is 100 kQ), so: 

Ro = 100k0 
We can therefore see that if a voltage of 10 
mV is applied to the input of this circuit, the 
output will be: 

10 x -10 mV 


—100 mV 
-0.1V 


Gain and frequency 
Now we have seen how to control an 
op-amp’s gain using negative feedback, 
let’s return to the earlier problem of 
frequency response and bandwidth. We 
know that the amplifier’s gain drops rapidly 
with frequency (figure 4b) and we have 
assumed the gain in our examples to be 
due to low frequency input signals. To 
recap, we know that the bandwidth is 
defined as the area of the frequency 
response over which the gain does not fall 
by more than 3 dB. 

The decibel is a measure that enables 
us to express the ratio of two powers: this is 
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amplifiers as it is much more useful to 
know the comparative or relative gains, 
rather than the actual gains. This enables 
us to compare the qualities of different 
amplifier circuits, without having to work 
out gain figures for specific values, that 
would have to be identical in each case. 
So, to express the ratio of two vol- 
tages (say input voltage and output vol- 
tage, in this case) we take the logarithm to 
the base 10 of the ratio, and multiply this 
logarithm by 20. The gain in decibels is 
therefore found by the formula: 


. Noi 

Gain (dB) V. 
The graph in figure 7 shows an amplifier’s 
open loop gain in dB, plotted against 
frequency (on a logarithmic scale). As you 
can see, point X indicates the device’s © 
bandwidth, and is known as the corner 
frequency. Figure & illustrates the way that 
the bandwidth of the device is increased by 
the reduction in gain. We know that the 
open-loop gain, Ao,, will give us a band- 
width equal to frequency fo in figure 8. A 
closed loop gain, G, on the other hand, 
gives a greater bandwidth — it has, in fact 
been increased by the feedback factor 
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(1 + BAo,) and is shown by the lower curve 
in figure 8. The gain and the bandwidth 
are thus linked by the gain bandwidth 


product of the amplifier which is equal to: 


Aor | 
1a ae x fp (1 + B Aox) = Aorfe = fs 


You'll notice that the gain bandwidth 
product is constant, and does not depend 
on the feedback factor. If the feedback 
factor is increased (by increasing £ ), then 
the gain, G, will decrease — but the 
bandwidth will increase by the same prop- 
ortion. The general rule is that: 





Aor X fo = X Hz point fs in figure 8) 
As an example, we’ll assign some values to 
figureS: 

Ao. = 60dB 

f. = 1kHz 


To calculate the feedback factor we have 
to obtain a real value for the gain and this is 
equal to the antilog (10*) of 60/20, which is 
antilog 3 or 10°. The gain bandwidth 
product is 1 kHz x 10° or 1 x 10°. 

If we want the new bandwidth to be 
40 kHz, then the new gain, G, is equal to 
the gain bandwidth product divided by 40, 
therefore: 

1 x 10° 





7. Open loop gain vs 
frequency, showing 
comer frequency at 
point X. 


8. Open and closed loop 
gains plotted against 
frequency showing the 
greater bandwidth of the 
closed loop gain. 





9. (a) Open loop amplifier 
circuit; (b) response curve. 








So = 25 
and logi9 25 x 20 = 28 dB. So the gain, 
G, that gives us a bandwidth of 40 kHz is 


28 dB. 
We know that the open loop amplifier 


circuit is only really effective at low fre- 
quencies — it therefore acts like an amplify- 
ing low-pass filter which, as its name 
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suggests, only conducts low frequency 
signals. 

The circuit diagram is shown in figure 
9a. As you can see from the response 
curve in figure 9b, the corner frequency, f,, 
is equivalent to the bandwidth of the | 
amplifier circuit. This corner frequency: 

1 
= Ope 
So, at f., Vout = 0.707 X V;,, where 0.707 
in this case corresponds to —3 dB. 

The drop in output or gain for this 
type of circuit corresponds to 20 dB for 
every decade increase in frequency above 
the corner frequency. That is to say, that 
when the frequency becomes ten times 
larger, the output/gain drops by 20 dB. 
This well known response is known as a 
single lag response, our op-amp then is a 
single lag amplifier. Where two single lag 
circuits are connected in series, the drop is 
4O dB per decade which is known as a 
double lag response, and so on. Figure 10 
illustrates the single lag response of our 
amplifier’s output. 


Unity gain buffer 
What would happen to the circuit in figure 
9a if the negative feedback resistor was 
omitted, and the loop connected direct? | 
Such a circuit (shown in figure 11) is 
known as a unity gain buffer or voltage 
follower, for reasons that will become 
apparent. | 
You'll notice that the non-inverting 

input is now being used as the V,,, input. 
The overall system input is V;,,, but as the 
op-amp is now being used as a differential 
amplifier, the overall input is V, —V_ ; the 
output of the circuit is equal to this input 
multiplied by Ag, . As V., is equal to V,,, 
and V_ is equal to V,,,, the input to the 
differential amplifier is the difference be- 
tween the input and the output (V;,, — Vout). 
The output is therefore Ap, times this 
value: 

Vout = Aor (Vin ey tut) 
which can be written as: 

(1 + Aor) Vout v Aor Vin 
So: 
Aox 


As we have noted previously, if Ao; is 
sufficiently large (usually about 200,000) 
then the 1 can be ignored, thus the output 
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is equal to the input. This means that the 
circuit has a gain of 1, i.e. unity gain. 
What, then, is the point of the circuit if 
it’s output is the same as the input it 
received? One of the characteristics of 
op-amps is that they present a large input 
impedance and a low output impedance, 
thereby acting as an isolating network that 
effectively separates a high impedance 
source from a low impedance load. Such a 
device, of course, is known as a buffer. 


Frequency dependent feedback 

A virtual earth amplifier with a feedback 
impedance Z;, comprising a capacitor C; in 
parallel with a resistor R,, is shown in figure 
12. We know that the gain of this negative 


feedback circuit is given by: 


ee 
R, 


The magnitude of the impedance of a 
capacitor and resistor in parallel can be 


found from phasor addition: ¢ 

7 
es | a : 
where Xc is the capacitance reactance of 
C;. This is, of course, dependent on 
frequency. 

The frequency response curve of this 
circuit is shown in figure 13. The frequency 


of the corner point and hence the band- 
width is defined by: 

| 
27R,C, } 





fend 


when Xc = R,. The effect of this on the 
gain, G, is illustrated in figure 13. As you 
can see, this capacitive feedback causes a 
reduction in the gain-bandwidth product 
pure resistive feedback does not). 
| Now, imagine that the resistor and 
capacitor in the feedback loop are con- 
nected in series. The gain, which is still 
dependent on the frequency, is again given 


by: 


Ry , 








10. Open loop gain vs 
frequency illustrating the 
single lag response of the 
amplifier output. 


11. Unity gain buffer 


circuit. 


as 
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12. A negative feedback 
virtual earth amplifier 
circuit. 


13. Frequency response 
curve for the circuit of 
figure 12. 





The magnitude of the impedance of the 
capacitor and resistor in series is found by 
phasor addition: | 


2, =VR4 + X% 





At high frequencies, the value of Xc is 
negligible, leaving R; to make up the 
impedance Z,;. But at low frequencies, the 
value of Xc rises, thus decreasing the 
amount of negative feedback that will pass 


along the loop. The frequency response 
curve therefore looks like that in figure 14. 
As you can see, a large low frequency 
boost flattens out in the mid-range and tails 
off normally into high frequencies. 
The corner frequency, f’, is found in 
the normal way, using the formula: 


f= — 
27k; C; 





In real amplifiers, the low frequency 
gain and the corner frequency are often 
ill-defined. Using capacitive feedback, on 
the other hand, these factors can be well 
defined as they only depend on R,;, C; and 
R,. This ensures that low frequency gain 
and bandwidth are firmly under the control 
of the designer. : 
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Positive feedback 


If the output of an op-amp is directly fed 
back into its non-inverting input, the elec- 
trical noise generated by the amplifier will 
cause the output to rise, until it can go no 
further. The amplifier is then saturated 
and latched-up. Such positive feedback 
can also cause instability and unwanted 
oscillations. 

A circuit with negative feedback at 
some frequencies may have positive feed- 
back at others — caused by frequency . 
induced phase shifting. This phase shifting 
is very important in amplifier feedback 
systems and is caused by the various 
components that make up the amplifier 
itself. Circuit designers are always careful 
to ensure that negative feedback systems 








14. Response curve for a 
negative feedback circuit 
where the capacitor and 
resistor are connected in 
series. 














: 15. An oscillator circuit. 
do not turn positive at some frequency, are in phase. | | 
thus causing oscillations and instability The amplifier has to be arranged so | 
resulting in circuit malfunction. that there is no phase shift between the | 
input and output voltages. We can see that 
Op-amp oscillator the RC network forms a voltage divider, so 
Figure 15 illustrates a popular oscillator one third of the output is fed back into the 
circuit. You'll notice that there is an RC IC’s positive input. 
network to the right of the IC — this is The noise generated by the amplifier 
_ connected in an arrangement known asa covers a range of frequencies, and thus 3 | 
| Wien bridge. This circuit will only oscillate contains a component equal to the centre 
at one specific centre frequency; the fre- frequency of the Wien bridge. If the 
: quency at which the voltages V, and Vz. voltage gain of the amplifier is set to be 
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16. A basic non- 
inverting amplifier circuit. 


slightly more than 3, then the component 
at the centre frequency will start to go 
round the circuit, becoming larger each 
time it completes the loop. This continues 
until the amplifier reaches saturation. 
However, an amplifier’s gain is reduced 
when it reaches saturation because the 
output voltage increases less than it would 
if the amplifier was not saturated. So the 
gain, which was just higher than 3, drops 
back slightly to 3 ensuring that the output 
sine wave stays constant in amplitude. 


Non-inverting amplifier 

One application of op-amps that demands 
negative feedback and (usually) a non- 
inverted output is the audio amplifier: the 
input signal is applied to the non-inverting 
input, while a proportion of the output is 
fed back to the inverting input. This has the 
effect of increasing bandwidth and keeping 
the output in phase. ang ; 

In audio work, it is obviously impor- 
tant to try and keep the frequency re- 
sponse characteristics as close as possible 
to the range of human hearing. (A healthy 
young ear should be capable of detecting 
sounds in the frequency range 20 Hz to 20 
kHz.) 

Figure 16 shows a basic non-inverting 


amplifier circuit. The output: 


out — Aoi 
while: 
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Ri 


Ry Re 
R, and R; act as a voltage divider across 
the output. Since: 


in| 





out — Ao. V a R 
—A Vin a. OL 2 *1 out , 
| 3 R, +R, 
then: 
Aor Vin 





i: 1 + Ao. IR, /(Ry + R, 


1/Ao, + R,/(R, + R,) 
The non-inverting amplifier circuit’s gain is _ 
therefore: 











= alee abe CAR R: 





if Ap, is a large value. As before, the gain is 
determined by the resistors R; and R;. The 
big difference in this case is that the gain is 
always positive and can never be less than 
one. | 

Figure 17a shows a pre-amplifier 
stage for the magnetic pick-up cartridge of 
a record player which uses frequency 
dependent feedback; figure 17b indicates 
the circuit’s frequency response. As you 
can see, the output curve is not the shape 
you may have expected for an audio 
amplifier. This is because this pre-amp is 
equalised to IEC standards. What does 
this mean? 

When records are made, the high 
frequencies are boosted while the low 
frequencies are cut. This is to ensure that 
the record grooves do not become de- 
formed, through attempts at carrying ex- 
cessively loud low frequency signals. In. 
order to ensure that the amount of bass cut 
and treble boost are consistent in record- 
ings world-wide, an international standard 
was Set up by the International Electro- 
technical Commission (IEC). It stands to 
reason that whenever we replay a record 
we must counteract or equalise this tonal 
imbalance. The same IEC standard thus 
applies to the characteristics of all magnetic 
pick-up pre-amplifiers world-wide. 

The RC networks in the circuit’s 


negative feedback loop (figure 17a) pro- 

vide the bass boost and treble cut require 
to give an output signal for power | 

amplification. 

With a little imagination, you can see 
how the frequency response curves in 
figures 13 and 14 would give an IEC 
response when combined. Remember, the 
straight line curves that we have been 
using have been approximations and 
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not entirely accurate. Actual amplifier re- 
sponse characteristics are, of course, more 
suited to the production of the IEC curve — 
which is why it is the shape it is! 


Summing amplifier 

The summing amplifier is a classic arith- 
metic op-amp circuit, but is also used in 
non-computational applications. Figure 18 
illustrates a summing amplifier used as an 




















17. (a) Circuit diagram 
for the pre-amp stage of a 
magnetic pick-up 
cartridge for a record - 
player; (b) frequency 
response curve. 




















18. Summing amplifier 
circuit used as an audio 
mixer. 


audio mixer. This gives an output signal 
that is an amplified combination of its 
different inputs. In this case, the output: 
Vout = -|Vi( pet) + Vol Re Re 
So we can see that the output of this circuit 
is the weighted sum of its inputs. The 
general equation for circuits of this type is: 
Vout = Re Vi + Re SS 

Looking at our circuit, we can see that 
the ratio R/R,, will give us a gain of 10. This 
value can, of course, be changed by 
altering the value of R;. The input resistors 
are of the values chosen, to prevent any 
one input signal from interfering with the 
others. 

Although this is an inverting circuit, its 
suitability for audio use is not unduly 
compromised by the phase shift. However, 
if this is a problem, then another inverting 
op-amp arranged to give unity gain can be 
attached to the circuit which restores the 
phase to its original condition. 


Coupling capacitors 
Most amplifying circuits (and many other 
circuits) have capacitors connected in 


No tt a. Va 
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series with their inputs and outputs. These 
are known as coupling capacitors and 
exist to prevent any DC signals within the 
circuit interfering with DC signals in any 
other circuits it may be connected to. 
Remember, capacitors appear to conduct 
AC while blocking DC. 

This, however, has an effect on an 
amplifier’s frequency response. The capa- 
citor and op-amp (figure 19a) act asa 
high-pass filter with an equivalent circuit 
as in figure 19b, and giving a frequency 
response like that shown in figure 19c. This 
is known as a low frequency roll-off. 


Op-amps in meters 
Op-amps can be employed to make accu- 
rate and sensitive meters, useful for circuit 
testing and experimental work. Figure 20 
shows a 741 op-amp at the heart of such a 
circuit: a 1A current meter. The basic 
principle of this circuit is that it will amplify 
a small input current sufficient to deflect a 
moving coil current meter. When cali- 
brated, this provides an accurate metering 
system with a sensitivity unobtainable from 
a moving coil meter alone. 

The actual meter used is a 50-0-50 
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centre reading micro-ammeter which en- 
ables both positive and negative currents 
to be measured. We are using it to make a 
1-0-1 micro-ammeter, and so the scale will 
have to be renumbered. 
| Since an op-amp’s input impedance 
. is high, any current introduced at the input 
of this circuit will cause an almost identical 
current to flow through R3. If this input 
current is of the maximum value 1A, and 
we choose a value of 220 kQ for R3, then a 
voltage of 0.22 V will be present across R3. 
As the inverting input remains at O V, the 
1A input current can thus be seen to 
result in an output voltage of 0.22 V. 
We know that the moving coil meter 
has a maximum reading of 50uA, and this » 
is known as its full scale deflection (FSD). 
If the circuit's maximum output voltage is 
0.22 V, then by Ohm’s law, we can find 
the combined resistance of VR» and the 
meter to be: | 
0.22 


boss 50 x 10° 
This is the reason that Kz is variable, as 
altering its value will enable the meter to 
read maximum value (FSD) when the 
circuit has a 1A input. This circuit can be 







































= 44k0 
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19. (a) A high-pass filter; 
(b) an equivalent circuit; 
(c) frequency response 
curve showing low 
frequency roll-off. 


20. 741 op-amp used in a 
meter circuit. 


redesigned (by altering component values) 
to measure different current ranges. 

The two diodes in the circuit protect 
the meter from overloading, should the 
input current be too large. They will not 
conduct any noticeable current until the 
output voltage grows larger than 0.6 V. 

You may be wondering about the 
function of the variable resistor marked set 
zero. Arguably, with no input, the output 





the output is zero, when both inputs are 


should also be zero. However, an op- 
amp’s output voltage can drift with temper- 
ature, so, as the device warms up, the 
output moves away from zero thus affect- 
ing the meter reading. Provision is there- 
fore made for a variable resistor to be 
included in op-amp circuits to ensure that 


zero. This is known as offset null adjust- 
ment or offset nulling. 
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n a circuit supplied by a steady (DC) voltage, 
the power consumed by a resistor is the 
product of voltage and current, i.e: 


If alternating current flows through the same 
circuit, then the power, p, at any instant of time 
is given by the same expression: 

p = vi 
where v and i are the instantaneous values of 
voltage and current in the circuit. 


Power in a pure resistance | 

We can draw the voltage and current wave- 
forms for the resistance in the circuit shown in 
figure la, which is supplied by a sinusoidal _ 
voltage v = V sin wt: these waveforms are 
shown in figure 1b, along with the instan- 
taneous power, p. We can see that p is always 
positive, fluctuating between its maximum 
value and zero, twice in each voltage cycle. The 
maximum value of the power is equal to VI, 
and the average value is given by: 


1 
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Real and reactive power 


P = 
where V and | are the rms values of the voltage 
and current. , 

Since V = RI, the above expression 


becomes: 
P = FR 


Power in a pure capacitor 
Now we'll consider the instantaneous power in 
a pure capacitor as shown in figure 2a. The 
current and voltage waveforms are shown in 
figure 2b, and the instantaneous power is 
obtained from their product: 

p=vi 
Once again, we see that power fluctuates at 
twice the frequency of the supply voltage. The 
average power over a long period of time, 
however, is zero, since from time zero to T/4 
eneray enters the capacitor (where the instan- 
taneous power is positive), then from time T/4 
to T/2 the same amount of energy leaves the 


R 


oS + =... 


a) 





1. (a) Circuit supplied by 
a steady DC voltage; 

(b) voltage and current 
waveforms for the 
resistance in this circuit. 








2. (a) Circuit supplied by 
a steady DC voltage; 

(b) voltage and current 
waveforms for the 
capacitor in this circuit. 


capacitor and returns to the supply. 

We therefore see that the capacitor stores 
charge, and hence energy, when the magni- 
tude of the current decreases (from time zero to 
T/4 and from T/2 to 3T/4) either from its 
maximum positive or maximum negative value 
to zero. 


Power in a pure inductor 

The instantaneous voltage, current and power 
in a pure inductor may be examined in a similar 
way (figures 3a and 3b). As with the capacitor, 
the instantaneous power fluctuates giving an 
average power of zero; the power flows into the 
inductor when the current increases in magni- 
tude, either positively (from T/4 to T/2) or 
negatively (from 3T/4 to T). 

_ This can be summarised by noting that 
when current and voltage are in-phase, power 
is, on average, consumed by the circuit from 
the supply; when current and voltage are in 
phase quadrature, no power, on average, is 
consumed. : 





Power in a real circuit 
We'll now examine the case of a real circuit — 
figure 4a illustrates an inductor connected in 
series with a resistor. The instantaneous current 
and voltage in the circuit are shown in figure 
4b, where current lags voltage by an angle @. 
We can see that the instantaneous power 
obtained from: 

p = vi 
is positive, when v and iare either both positive 
or both negative, and negative, whenever v 
and i are of opposite polarity. So the power is 
positive for wt lying between @ and 7, and 
negative for wt between O and @. Since @ is 
never greater than 7/2, the positive power is 
always greater than the negative power and so, 
on average, power is provided to the circuit by 
the voltage supply. 

The phasor diagram for this circuit is 
shown in figure 4c, and if we note that the only 
power dissipated occurs in the resistor, the 
average power is given by: 

P = Vel 


749 





b) 


From figure 4c we see that: 
R 


EOS Oi = A 
which leads to: 
Ve = Vcos® 
Thus we can see that the true power is given 
by: zs 
P = Vicos@ 
which is equal to the heat dissipated in the 
circuit. 


Apparent power 

Apparent power is an extremely important 
measure of the ability of a system to handle 
current and voltage. When electricity transmis- 
sion systems are designed, for example, the 
wires have to be sufficiently large to conduct 
the required current without overheating, while 
the insulation has to be strong enough to 
withstand the maximum voltage. These consid- 
erations apply to all electrical equipment — 
particularly transformers and motors. 

We see, therefore, that the product of 
current and voltage called apparent power, or 
volt-amperes (represented by the symbol S), is 
a measure of the maximum voltage and current 
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3. Examining the 

instantaneous power, 
voltage and current ina — 
pure inductor. 





that an electrical apparatus can withstand. 
Thus, for the circuit in figure 4a, the apparent 
power is equal to VI. 

However, we have seen that the power 
which the circuit can handle is limited to: 

P = Vicos @ 

where cos @ is always less than 1, giving us a 
value that is less than the apparent power. The 
circuit, therefore, has been made to handle 
power levels greater than those normally re- 
quired as a safety measure. 

Apparent power is measured in units of 
volt-amperes (VA) or kilovolt-amperes (kVA). 


Power factor 


Inefficiency in system construction due to the 


difference between the real and apparent 
power ratings is unfortunately inevitable. We 
shall look at ways in which this can be 
improved in a later Basic Theory Refresher. 

_ The ratio of the real power consumed by 
a system to its volt-amperes rating is defined as 
the power factor, pf, where: 


pi=<¢ 
cos @ 














4. (a) A real circuit with 4 

an inductor connected in 

series with a resistor; (b) 

instantaneous current and 

voltage waveforms for this 

circuit; (c) phasor diagram 

for this circuit. a) 


b) 


c) 


Reactive power 
The reactive power of a circuit (also known as 
reactive volt-amperes) is designated by the 
symbol Q, where: 

Q = Vising 

= Vyl 
where Vx is the voltage across the reactive part 
of the circuit. Reactive power is measured in 
units of volt-amperes reactive (VAR) or kilo- 
volt-amperes reactive (kVAR). 

Looking at figure 4c, a phasor diagram 
which represents power could be drawn by 
multiplying all the voltages by the constant 
current, I. We would see that the apparent 
power, S, is related to the real power, P, 
and reactive power, Q, by: 








Se 4 Ge 
and the power factor: 


cos @ See 
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Instrumentation 





and control systems - 


DIGITAL ELECTRONICS 


What is instrumentation 
and control? 


Instrumentation is the process of measur- 
ing a physical quantity and reporting that 
measurement in some convenient form. 
Wehave, in fact, already seen an example 
of an instrumentation system in Digital 
Electronics — 9, where we looked at the 
petrol gauge system of a car. The system is 
redrawn in figure 1 where we can see that 








the level of fuel in the petrol tank deter- 
mines the height of a float. The float is 
attached to the end of an arm, which is 
pivoted so that as the float moves up and 
down, the other end of the arm acts as the 
wiper of a variable resistor, R;. Thus, the 
amount of petrol in the tank determines 
the value of the resistance. 

The car battery provides a current, 
through limiting resistor Ro (a preset resis- 
tor) and the variable resistor, which is 
transmitted along a wire to the ammeter in 
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the car’s dashboard display. As the level of 
petrol in the tank varies, the current varies 
and the pointer of the ammeter therefore 
moves, giving the driver an indication of 
how much petrol is in the tank. 


Defining instrumentation systems 

As with other systems, instrumentation 
systems may be considered in block dia- 
gram form as shown in figure 2. We can 
see that three basic parts exist: 

1) A transducer or sensor which converts a 


1. A petrol gauge 
instrumentation system. 





measure of the physical quantity into 
another form. In figure 1, the transducer is 
the float/variable resistor combination 
which converts a measure of the amount of 
petrol in the tank to a resistance which 
controls electrical current. This current is 
the output signal of the transducer. 

2) A signal processor which acts on the 
transducer’s output signal, performs some 
operation on it, and converts it into a 
suitable form for display. The signal pro- 
cessor in the petrol gauge example is the 





2. Block diagram of an 


‘instrumentation system. 


limiting resistor, Ro, which prevents too 
much current flowing through the 
ammeter. 
3) A display device which converts fie 
signal at the output of the signal processor 
into some readable quantity. The am- 
meter, of course, is the display device of 
our example instrumentation system. 
Also shown in the block diagram of 
figure 2 is an output, after signal proces- 
sing, which is used for possible control 


‘purposes. Complete instrumentation sys- 


tems are often used as part of a control 
system, to provide measurements of some 
quantity or quantities to be controlled. We 
shall be looking at control systems a little 
later. 


Electronic instrumentation 
The block diagram shown in figure 2 is true 
for all instrumentation systems. The petrol 





gauge example is an electrical instrumenta- 
tion system in which petrol level is turned 
into electric current (with an electromecha- 
nical transducer). Instrumentation systems 
may also be totally electronic, with no 
moving parts and have active, amplifying 
devices to process the transducer’s output 
signal. Others may be purely mechanical; 
purely pneumatic (e.g. working on the 
pressure of gas, or a vacuum); or a 
combination of two or more methods. 

Our study of instrumentation systems 
will, however, be restricted to electrical/ 
electronic methods and, in particular, we 
shall look at further examples used in cars. 


Examples of car 

instrumentation systems 

Instrumentation systems in cars include the 
equipment and devices which measure 
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vehicle variables and engine parameters, 
and display their status to the driver, in 
some way. Examples include: 

1) speedometer; 

2) odometer, i.e. the distance meter; 

3) tachometer, i.e. engine rev meter; 


4) fuel gauge; 


5) oil pressure gauge; 

6) clocks; 

7) door-ajar indicators; 

8) ammeters; 

9) voltmeter. 

Many of these systems are non-electronic, 
however, manufacturers are increasingly 
becoming aware of the advantages of 
electronic instrumentation, and the pre- 
vious slow trend towards the use of electro- 
nics is now beginning to speed up, with 
many of the newest car models factory- 
fitted with a number of electronic instru- 
mentation systems. 

Whichever type is used, however, the 
general goal of the instrumentation system 
is universally the same — to provide an 
accurate, reliable and readable measure- 
ment of a particular physical quantity. 


Accuracy 
The accuracy of an instrument, i.e. how 
close the instrument’s measurement is to 
the actual physical quantity, is generally 
specified as error, which is expressed as 
the difference between the actual and 
measured values. For example, we might 
look at a clock and read the time asa 
quarter past one; the actual time might be 
fourteen minutes past one. In this case we 
would say that the error was one minute. 

In instrumentation systems, differ- 
ences between actual and measured 
values arise from two important types of 
error — systematic error and random error. 

Systematic errors are due to such 
things as improper calibration, drift caused 
by temperature variations, or improper use 
of the instrument. Systematic errors are 
predictable and can be corrected for, or 
eliminated by, the user. 

Random errors, on the other hand, 


are caused by electrical, mechanical, or 


any other type of noise or disturbance 
which adversely affects the measurement 
of the physical quantity. These errors can 
be minimised by careful design, and the 
addition of special noise reducing circuits. 
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Factors affecting accuracy 

A number of system factors can affect the 
accuracy of an instrumentation system. 
Many of these, if left unchecked, may 
produce systematic errors which degrade 
overall performance. The first factor we 
shall consider is the time taken for the 
output of the instrumentation system to 
change in response to a change of input — 
response time. 

Generally, an instrumentation sys- 
tem’s response time should be quite fast, 
so that the human observer sees a change 
in the physical quantity being measured as 
soon as possible. The driver of a car, for 
example, should be quickly informed of a 
loss or increase in oil pressure, so that the 
engine may be immediately stopped, pre- 
venting damage. An example of an instru- 
mentation system which could be used in 
this application is shown in figure 3a, 
where a pressure transducer is shown 
connected to a regulated voltage, of 10 V 
DC, and a series resistor. The resistance of 
the transducer varies with engine oil press- 
ure so the transducer/series resistor com- 
bination is effectively a variable potential, 
divider, the output voltage of which is 
dependent on engine oil pressure. 

Figure 3b illustrates the basis of a 
suitable transducer for this application 
which uses a piezoresistive element to 
detect pressure. Piezoresistivity is a phe- 
nomenon which occurs in certain semicon- 
ductors where the actual resistance 
changes in proportion to the strain (frac- 
tional change in length). As the piezoresis- 
tive element is securely attached toa 
flexible diaphragm, which bows out as 
engine oil pressure increases, the length of 
the element also increases, as shown in 
figure 3c. 

In some cases, though, a fast re- 
sponse time is undesirable — the petrol 
gauge is one such example. As the car 
moves, so does the petrol in the tank, and 
the float on the surface of the petrol 
therefore moves rapidly up and down. If 
the response time of the system was fast, 
the pointer on the ammeter would also 
move rapidly up and down, and the driver 
would not be able to take an accurate 
reading of petrol level. 

One way of reducing the response 
time of such an instrumentation system is 
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3. (a) A pressure 
transducer used to detect 
increase or loss in oil 
pressure; (b) the 
piezoresistive element 
detects pressure; and 

(c) lengthens as the oil 
pressure increases. 


4. When response times 
need to be reduced, a 
capacitor can be used to 
average out fluctuations in 
current. 


5. Input vs output for an 
instrumentation system 
with hysteresis. 


shown in figure 4, where a capacitor is 
connected between the variable resistor 
transducer and earth. The effect of the 
capacitor is to average out the rapid 
increases and decreases of current flowing 
from the variable resistor, so that the 
ammeter reads an average value, more 
closely reflecting the actual petrol level. 

Closely associated to the response 
time of a system is its bandwidth, defined 
in Solid State Electronics 24 as the range of 
frequencies over which the response does 
not fall by more than 3 dB from the 
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mid-range value. If the bandwidth of a 
system does not extend to a high enough 
frequency, rapid fluctuations of the physic- 
al quantity measured by the transducer 
may not be passed through the system, 
and so may not be displayed quickly 
enough. Conversely, by reducing the up- 
per frequency limit of the frequency range — 
bandwidth, the response time of a system 
is increased — this is, in effect, what occurs 
when the capacitor is added to the petrol 
gauge circuit. 

Hysteresis may occur in an instru- 
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mentation system and will affect accuracy 
accordingly. Hysteresis is the phenomenon 
exhibited by many systems where the 
output value depends on whether the 
input value has been approached from a 
positive, increasing direction, or a negative, 
decreasing direction. Figure 5 shows a 
graph of input against output for an 
instrumentation system with hysteresis, 
and we can see that an output of values A 
and B can be caused by an input value of 
C, depending on which direction the value 
has been approached. 

Hysteresis has another effect on an 
instrumentation system — that of its re- 
peatability, or how closely one measured 
reading agrees with a different reading of 
the same measurement taken at a later 
time. 

Ideal instrumentation systems have 
overall linear functions, i.e. the output 
display changes a fixed amount for a fixed 
change of input physical quantity, wher- 
ever the measurement is taken over the 
scale. Such a linear system would allow a 
graph as in figure 6a to be drawn. Often, 
however, some part of the system, say, the 
transducer or the display, may be non- 
linear and may produce a system graph as 
in figure 6b (the solid curve). The linearity 
of an instrumentation system is thus an 
important factor which may affect 
accuracy. 

It may be possible with special signal 
processing circuits to linearise the overall 
system function (the broken line in figure 
6b), or sometimes a non-linear system may 
provide satisfactory operation without 
linearisation if it is operated only in a linear 
region of the system function. 


Random error factors 

All of the factors affecting system accuracy 
that we have so far. seen have been 
systematic errors which can be eleiminated 
by careful system design and operation. 
There is, however, one main group of 
factors affecting accuracy which are ran- 
dom errors and cannot be eliminated. The 
group is classed under the title of noise. In 
Solid State Electronics 15 we looked at the 
fundamental, random noise which occurs 
in the electronic components of any circuit. 
Thermal noise, shot noise and flicker noise 
are the three most important types of 
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6. Input vs output for: (a) 
linear; and (b) non-linear 
systems. 


fundamental noise and can affect system 
accuracy simply because they are present 
in a signal, and may obscure the true 
measured signal, thus giving false readings. 

In instrumentation systems, however, 
the other main cause of noise — interfer- 
ence — is also of importance. This is 
because instrumentation systems are rarely 
situated wholly in one place. Often the 
transducer is positioned separately from 
the signal processing circuits, and often 
too, the display is separate. Connections 
from the transducer and to the display are 
made with cable which, because of its very 
nature, is susceptible to interference. 

Another reason why interference is so 
important in instrumentation systems is the 
fact that the systems are often situated in 
hostile environments, where wide ranges 
of temperature, pressure, vibration, 
interference etc. may occur. 

Interference can generally be re- 
garded as being produced within a system 
because the individual wires, component 
leads, cables etc. effectively act as compo- 
nents. For example, the length of two core 
cable shown in figure 7a consists of two 
conducting wires, separated by an insula- 
tor, and is thus similar in construction to a 
capacitor (figure 7b). It two lengths of cable 
are positioned side by side, further capaci- 
tances are formed between the two cables, 
and any signal on one cable is partly 
passed, via the capacitances, to the other 
cable. Such interference is known as 
Capacitive interference. 

The other main form of interference is 
shown in figure 8 where a transducer is 
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| 7. Two-core cable (a) is 
| similar in construction 

| to the capacitor; 

(b) producing capacitive 
interference. 


8. Inductive interference. 





Two-core cable 


Two conducting 
wires, separated 
by.insulating 
material 





connected by a two core cable to the signal 
processing circuit of an instrumentation 
system. The effect of this connection is to 
create a loop of wire, through which the 
alternating magnetic field from a nearby 


AC circuit or wire passes, inducing an AC 
voltage of the same frequency in the loop. 
This type of interference is known as 
inductive interference. 

Two main causes of capacitive and 
inductive interference are common: hum, 
caused by close proximity of power lines, 
or power circuits through which mains 
frequency currents pass; and cross-talk 
from signal lines or circuits. Hum produces 
interference noise of the same frequency 
as mains, i.e. 50 Hz, but cross-talk interfer- 
ence frequency depends on the frequency 
of the signals in the interfering lines or 
circuits. 


Reliability and readability 

n instrumentation system’s reliability re- 
fers to its ability to perform its function, 
accurately and continually, whenever re- 
quired, under specified environmental 
conditions, for an adequate period of time. 
Reliability must, therefore, be built into a 
system by using reasonable design margins 
and components which will operate over 
the temperature range and environmental 
conditions in which the system is likely to 


operate. — 





he readability of an instrument de- 
scribes how easily the results of a measure- 
ment can be read and understood by a 
user. A properly displayed measurement 
should indicate the numerical value of the 
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physical aspects of the display, such as size, 


measurement, along with the units of the 
position, the angle of view, how well it is lit, 


measured quantity — this is called calibra- 





tion. For example, on a speedometer 
indicator dial, not only should the major 
divisions be marked with miles per hour 
and kilometres per hour, but also subdivi- 
sions that make sense to the user at a 
glance. — | 

Readability also depends on the 
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and the contrast of the display elements to 
their background. 

In Digital Electronics 23 we shall turn 
our attention to the individual types of 
transducers available for use in instru- 
mentation and control systems and also 
look at some applications. 
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Introduction 


In this series of articles we will be exploring 
the different uses and functions of the ‘new 
technologies’. We will also examine their 
role in society today and speculate a little on 
how they might shape the future. 

The word ‘technology’ is defined by 
Chambers as: ‘the practice of any or all of 
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the applied sciences that have practical 
value and/or industrial use: technical 
method(s) in a particular field of industry of 
art’. The concept applies equally to the 
simplest of hand tools or the latest miniatu- 
rised marvels: both have been created and 
developed to perform specific functions 
useful to society. 

The relationship between technological 
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development and societal change, 

however, is not so clearly defined and is 
extremely complex. Will a society of increas- 
— ing sophistication demand technological de- 
velopment to further refine its life-style, or 
are technological developments simply pick- 
ed up and applied by society as it thinks fit? 

Although we are now living ina 
post-industrial society, the effects of tech- 
nological change are no less great than 
those that took place during the industrial 
revolution. In Britain, Western Europe and 
the U.S.A. predominantly agricultural eco- 
nomies and societies were transformed into 
industrial societies. Capital, raw materials, 
labour, expanding markets and improving 
transport all came together to create an 
atmosphere in which technological adv- 
ances kept on being made, improving 
efficiency and profits. 

The textile industry was the first to 
experience this sort of change as the flying 
shuttle (1733) and the power loom (1785) 
replaced the old hand-looms. The increas- 
ing mechanisation of agriculture, the enclo- 
sure of arable land and the desire to seek a 
better standard of living, led people away 
from their old rural communities into the 
growing cities. Today, however, these large 
industrial conurbations are breaking down. 
Industrial (and office) automation is releas- 
ing large numbers of people from boring, 
repetitive tasks — but to do what? Our new 
technologies present a social challenge to 
which all of us, not only scientists, govern- 
ments and economists, should address 
ourselves. 





Changing technology 
in the home 


The home is usually the last place to be 
affected by technological development, un- 
less those developments are specifically 
aimed at the domestic market. In the past, 
improvements in productivity and profitabil- 
ity in the home were not seen as important 
considerations — one could always employ 
more servants! It is only in recent times, with 
the decline of the servant class, improve- 
ments in the general standard of living and 
the emergence of the family (especially 
those staying at home) as a ‘consumer unit’, 
that domestic technology has assumed such 
economic importance. 

Over the last hundred or so years, 
developments in electrical and electronic 
technology have undergone considerable 
acceleration until they are now almost 
exponential. The telephone was patented 
by Alexander Graham Bell in 1876 and was 
the first electrical device to enable the 
two-way transmission of speech. Previously, 
the only ‘instant’ long range communication 
was the morse telegraph — only really 
effective in the hands of a skilled operator. 
With Bell’s invention, instant two-way com- 
munication was available to everyone; the 
telephone was adopted first by business and 
commerce, and later by those private indi- 
viduals who could afford it. Since then, of 
course, telephones in the home have be- 
come the rule rather than the exception. 
The second electronic device to find 
acceptance in the home was also a com- 








Left: a home computer 
connected to a modem 


Below: Prestel 

‘Homelink’ will enable 
banking and shopping 
from home at the touch of 
a button. 





munications tool, albeit only one-way: the 
radio. Although the first radio sets were, by 
and large, constructed by home enthusiasts 
(following the plans published in the prede- 
cessors of today’s hobbyist electronics 
magazines), radio broadcasting by the Brit- 
ish Broadcasting Company was set-up as a 
commercial enterprise, making its money 
from the sale of receivers. To achieve this 
end, the programmes had to possess a 
certain mass public appeal to induce large 
numbers of people to take their entertain- 
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ment in the home. Thus, broadcasting 
began to compete with the more traditional 


entertainments, cinemas, theatres and sport- 


ing events, which people had to leave home 


to see. Information was now brought into the 
home with an immediacy hitherto unknown. 


The radio and the telephone hold the 
key to the development of many of today’s 
communications systems: television was de- 
veloped as a form of visual radio transmis- 
sion. The television and the telephone still 
provide the primary vehicles whereby in- 
formation and entertainment are brought 
into the home; although the nature of that 
information and entertainment is changing. 


The changing television set 

Looking at the present domestic applica- 
tions of electronic technology we see that 
electronic devices in the home broadly fall 
into two categories: ‘labour-saving’ service 
devices, and entertainment and/or 
information providers. 
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BASIC COMPUTER SCIENCE 


The domestic entertainments industry 
is burgeoning, video recorders being but 
one example. As you probably know, these 
machines can be used in three different 
ways: to record broadcast programmes, to 
be replayed when it suits the viewer; to 
record ‘home videos’ with the addition of a 
lightweight camera; and to view the large 
range of material available to rent or buy on 
pre-recorded tapes. 

Cable and satellite television will offer 
considerably wider entertainment options. 
These services will sell programmes to 
subscribing viewers on a ‘pay according to 
what you receive’ basis. The viewer will 
have to pay for any specialised equipment, 
such as the buying or hiring of a receiving 
dish for satellite TV, and the cabling and 
alterations to existing receivers for cable TV. 
The limiting factor in the installation of a 
cable TV network will be the cost of 
installing the copper and fibre optics needed 
for the network. 

The cables along which cable TV 
programmes are transmitted will become an 
important part of the domestic electronics of 
the future. Existing cable television services 
(most of which were set up in the 1950s and 
60s to relay the broadcast channels to areas 
that could not receive RF signals) use either 
ordinary coaxial or multi-stranded cables as 
the transmission medium. These types of 
cable are limited in the number of different 
signals they can carry. | 

Fibre optic cables, however, are able to 
carry a very large number of signals and 
also possess many other advantages. The 
cable consists of one or many thin strands of 
glass fibre which has excellent light transmis- 
sion characteristics. A laser beam can be 
modulated to transmit digital information in 
the form of pulses of light. Many separate 
signals can be multiplexed (mixed) together 
in one fibre optic strand and the overall 
information carrying capacity is many times 
greater than conventional cable. 

Television receivers can also be 
adapted to receive the broadcast teletext 
services. Teletext is a computerised system 
that broadcasts digital information in unused 
lines of television pictures. This information 
is decoded within the receiver by special 
circuits and presented as pages of text and 
diagrams. Originally developed for provid- 
ing programme subtitling for the hard of 
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hearing and the deaf, teletext is a free 
domestic service also providing news up- 
dates, weather forecasts and travel 
information. 

Viewdata is a similar text transmission 
system that utilises a special television adap- 
tor and a telephone link to a central data 
base, for example, British Telecom’s Prestel 
system. Unlike teletext, viewdata is essen- 
tially business oriented, the information 
provided being paid for by the consumer. 
Such things as stock market quotations, 





sports results, and travel information are 
available. 

The subscriber is able to interact with 
the information provider's computer in 
some cases, and private viewdata systems 
can also be implemented. Businesses use 
viewdata to transmit information to | 
offices or branches around the country. It is 
also being used as an electronic letterbox, 
whereby data can be ‘posted’ to an indi- 
vidual’s home, or hotel. 

The television receiver can also be 
used as the screen end of many home 
computer terminals. The BBC micro and 
the Sinclair ZX81 are examples of such 
machines. TV gaming consoles, connected 
to the TV receiver, are also becoming 
increasingly popular. 


762 


The telephone link 

Telephones can now be used to transmit 
data around the world — direct from compu- 
ter to computer. This type of data link can 
be employed equally by scientists or 
businesses on either side of the Atlantic, or 
by the travelling salesman and his head 
office within the British Isles or indeed one 
city. All the travelling salesman needs is an 
acoustic coupler or modem attached to his 
portable computer. The telephone handset 
in the hotel or home is connected to this, 


and data can be received or sent. 

Using microprocessor technology, it is 
now possible to program telephones with a 
list of numbers — the phone then ‘keeps 
trying’ these numbers until a connection is 
made. 7 


Other digital devices in the home 


Music has also been touched by the electro- 


nic revolution, both in its performance and 
reproduction. People once played acoustic 
instruments and listened to wind-up gram- 
ophones, but now electronic music is wide- 
spread and quite advanced, even in the 
home, where small synthesisers like the 
Casiotone are cheap and popular instru- 
ments. With continual improvements in 
equipment and component design, the 





Left: ‘Picture Prestel’ is 
hoped to be in operation 
in about 12 months time. 
The bandwidth of 
telephone lines is not wide 
enoush to send pictures, 
however, by sending 
portions of the picture at a 
time, so that the picture 
builds up slowly, BT hope 
to overcome this. 
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Right: British Telecom’s 
electronic ‘Ambassador’ 
phone. The microphone 
facility on the right 
enables the user to speak 
from a distance. 


reasonably cheap hif-fi systems bought 
today produce a quality of reproduction 
which is considerably better than the more 
expensive systems (even allowing for infla- 
tion) bought ten years ago. 

Developments in digital electronics are 
now changing the nature of sound broad- 
casting and recording. Digital recording 
equipment is now being used more and 
more, the BBC now uses digital relay and 
recording systems in its broadcasting and 
recording of concerts and music program- 
mes. The digital techniques being de- 
veloped now mean that the recording and 
creation of music, drama and other sound 
programmes will become more flexible and 
advanced. Compact disk (CD) players are 
now available which are digital optical 
devices, read by modulation of incident 
laser light. | 

Electronic and digital systems can be 
used to control a home’s domestic func- 
tions. It is possible to automatically regulate 
temperature, humidity and lighting while the 
entire building and grounds can be electro- 


nically monitored for fire, and intrusions, with places of work during that time is now being 
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machines, are now controlled electronically, 
with microprocessors considerably simplify- 
ing the circuitry previously required by 
conventional electromechanical program 
controllers. 


The future 
The fiction of the fifties proclaimed the 
brave new ‘future world’ of the eighties, but 
we are still driving petrol engined cars and 
our homes are not tended by robot ser- 
vants. | 

Although great leaps forward have 
been made in scientific achievements, their 
application to the technology of everyday 
life has not effected dramatic change. 
However, looking into the not too distant 
future, it is possible even with the technolo- 
gy available today, that the home is likely to 
become a rather different place. 

The changes that will occur during the 
next twenty or so years will be gradual but 


no less radical or lasting than those changes 


during the industrial revolution. The move- 
ment of people away from their homes as 


anything amiss being immediately relayed to reversed, as small home-based cottage in- 


a control point or police station that may 
be miles away. Such systems are very 
expensive due to the cost of transducers. 


dustries are being actively encouraged and 
the concept of the home as being an 
extension of the computer-based office is 


Domestic appliances, such as washing now a reality. 
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The Research House/British Telecom 


The Reseach House/British Telecom 


The term information technology 
refers to the field of creating systems and 
devices used for the storage and dissemina- 
tion of information. Most of the devices and 
applications we have discussed here (and 
will go on to discuss in greater detail in later 
chapters of this series and the Communica- 
tions series) have done exactly that, by 
means of audible, visual or digital signals. 
More importantly, all of these devices and 
applications are capable of being made to 
work with digital signals if they don’t at the 
moment. The key to the future lies in the 
way that these autonomous and separate 
devices can be linked together. 

If every home had a terminal or 
terminals comprising devices for data cap- 
ture, display, manipulation and transmis- 
sion, data interaction could be channelled 
through a central data exchange or ex- 
changes in the manner of a conventional 
telephone exchange. This can now be made 
possible with fibre optic technology. You'll 
recall that we mentioned the superior in- 
formation transmission characteristics of 
fibre optics earlier. If each home in the 
country were to be equipped with a fibre 
optic link-up, say, for the supposed primary 
purpose of supplying cable television, then 
the whole country could be economically 
linked to central data exchange points — 
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Left: a new telephone 
incorporating an LCD 
display. 


both private and public. 

As well as supplying television pictures 
and computerised information services, this 
system opens up a whole new range of 
possibilities. As it is possible to multiplex 
(mix together) many separate digital signals, 
the fibre optic cables could carry a variety of 
different signals to different places. Tele- 
phone conversations could be linked side 
by side with such functions as automatic gas 
and electricity meter reading, while new 
services, such as home banking and shop- 
ping by television (under trial at the mo- 
ment), would be possible. This concept of a 
completely computerised and linked home 
is known as the hard-wired house. 

There are, of course, many social 
aspects involved in the concept of the 
hard-wired house. Taken to its extreme, 
families might become isolated units in the 
home — with parents working at home and 
any children receiving their schooling at 
home also. However, this may lead to a 
redevelopment of smaller communities, so- 
cial contacts no longer being provided by 
the workplace. 

The home is now being increasingly 
seen as a target market by large and small 
‘high technology’ companies alike, with 
‘technology’ now being specifically 
developed for it. 

















SOLID STATE 
ELECTRONICS 


1. The inverting 
amplifier. 


2. The non-inverting 
amplifier. 


perational 
amplitiers-2 


In Solid State Electronics 24 we saw how 
feedback can be used to change the gain of 
an op-amp: from its open loop gain, Ao, , 
to the closed loop gain, G. 

With purely resistive negative feed- 
back, the bandwidth of the op-amp in- 
creases as the gain decreases. So, if the 
gain of the op-amp is reduced with the use 
of feedback by, say, afactorof 20, the 
bandwidth increases by the same factor. 

We looked at two main groups of 
amplifiers: the inverting amplifier, shown in 











figure 1, where the input is to the inverting 
input of the op-amp; and the non-invertin 
amplifier, where the input signal is applied 
to the non-inverting op-amp input, shown 
in figure 2. Although the circuits of the two 
amplifiers have been drawn in a slightly 
different way those previously seen, we 
should be able to follow their operation. 
Closed loop gain of any amplifier is: 


out 





in 


and for the inverting amplifier this equals: 
2 


if the open loop gain, Ao, is sufficiently 
large. Closed loop gain of the inverting 
amplifier is similarly given by: 

R; + Rg 

In both cases, closed loop gain has been 
approximated by the ratios of only two 
resistances. This is a very significant factor 
when dealing with operational amplifiers, 
because it means that an amplifier’s gain 
and bandwidth can be specified with 
reasonable accuracy by the designer. 

The components used to define the 
op-amp’s closed loop gain (resistors, in 
these examples) are passive components 
whose values do not vary to any significant 
degree as outside factors, such as tempera- 
ture, change. An op-amp’s open loop gain, 
on the other hand, is highly dependent on 
temperature and supply voltage for exam- 
ple, so by adding negative feedback we 
have introduced stability into an otherwise 

otentially unstable system. 

An amplifier’s gain and bandwidth 
are only two parameters which a circuit 
designer needs to define. Other para- 
meters, also of great importance, are input 
and output impedances, noise and distor- 
tion. The question we now need to ask is 
what effect, if any, does feedback have on 
these parameters? 

















Looking at feedback 
another way 


An alternative way of looking at a negative 
feedback system is shown in figure 3. This 
type of diagram can be used, not only in 
op-amp circuits but also in other types of 
feedback systems. We’ll see examples of 
other feedback systems in Digital Electro- 
nics 23 when we look more closely at | 





control systems. : 2 


In figure 3, the op-amp is shown 
simply as a block with a voltage gain of A. 
Because the output of this block is A times 
the input, so that the output and input are 
related by a ratio, a block’s gain is often 
known as its transfer ratio. In general, the 
transfer ratio, of any circuit, sometimes 
known as the transfer function, isa __ 
mathematical expression which relates the 
circuit’s output to its input. 

The feedback circuit of the op-amp is 
shown in figure 3 as a block with a transfer 
ratio of B, where B is equivalent to the 
feedback fraction, 8. The final part of the 
block diagram is the circulation symbol 
called a summing point, which is a nota-. 
tional way of describing the fact that the 
feedback circuit allows a certain fraction of 
the output signal to be fed back to the 
input of the system and added to the input 
signal. The fact that the feedback signal is 
actually subtracted from the input signal — 
shown by the minus sign in the bottom 
quadrant of the summing point symbol — 
tells us that the system has negative 
feedback. A postive feedback system 
would have a plus sign in that quadrant. 

In order to use block diagrams such 
as this to model feedback systems, we 
must make two assumptions: first, each 
block diagram within the diagram may 
only represent a linear circuit or part- 
circuit; second, each circuit has infinite 
input impedance and zero output impe- 
dance so that blocks may be intercon- 
nected without loading effects. For exam- 
ple, the feedback circuit must not load the 
op-amp by drawing any current from it, 
otherwise the transfer ratio of the loaded 
block is incorrect and needs to be 
recalculated. 

A final point to remember when 
using the block diagram notation to 
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describe feedback systems is that all signals 
entering or leaving a summing point must 
have the same units. In the case of our 
op-amp block diagram, all signals in the 
diagram have voltage units, but other 
systems may have other signals with 
different units. 

The output of the summing point is 
an error signal, e, which is multiplied by 
the op-amp transfer ratio A, to give the 
output signal, y, where: 


= Ae 
Now, the feedback signal: 
z = By 


But, the error signal, e, is the input signal 
minus the feedback signal, so: 
@e=x-Z 


I 
* 
| 
OO 
<< 


= x — ABe 


Therefore, x = e + ABe = e(1 + AB), 
and so the error signal in such a feedback 
system is given by: 


Be ag ei 
= a AG 
The output signal: 
y = he | 
which, substituting for e gives us: 
AK 
ferme ee 
So, the overall transfer function is: 
of yaaa 
Slee x 1+AB 


Because the transfer ratio, A, is equivalent 
to an op-amp’s open loop gain, Ap, and 


3. Representing a 
negative feedback 
system in block diagram 
form. 
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4. (a) A non-inverting 
amplifier circuit; (b) its 
block diagram equivalent. 
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the feedback circuit transfer ratio, B, is 
equivalent to the feedback fraction, B, this 
equation is of the same form as the gain | 
formula seen in Solid State Electronics 24. 
The quantity AB of the diagram, is 
known as the loop gain or return ratio 
and, for large values of loop gain, the 
actual gain of the whole circuit can be 


approximated by: 
ae a 
AB 8 


Thus, we can see that variations of open 
loop gain in a op-amp will have no effect 
on the overall gain of a negative feedback 
system — exactly what we require. 

We can now use this type of block 
diagram representation along with the 
more usual circuit diagrams to calculate the 
effects of feedback on the other amplifier 


parameters of input and output impe- 
dances, noise and distortion. 


Input impedance of the 

non-inverting amplifier 

In figure 4a a non-inverting amplifier circuit 
is shown with input voltage x, feedback 
voltage z, error voltage e, and output 
voltage y. An open loop input impedance, 
Z., is shown between the two op-amp 
input terminals. Also known is an input 
current, I,,. A block diagram representation 
of this circuit is shown in figure 4b. 

The input current is the voltage across 
the open loop input impedance, divided by 
the impedance value: 

= e 
in Le 
but:e=x-z 
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poy 
=) 
| 


i Zz: ' 

Now, the closed loop input impedance, 

Z,,, is equal to the input voltage, divided by 
the input current: 




















X 
Zin a ‘ie 
yas ee 
sti Rees 
+. Pegs 
We know that the gain: 
Y cage 
x 1+AB 
and hence: 
ae AB 
x 1+AB 
So: 
L = ie = Z, (1 + AB) 
in 1 x AB Pe 
1+ AB 


We can see that the input impedance of 
the op-amp, in a non-inverting feedback 
mode, is raised by the feedback factor. 


Output impedance of the 

non-inverting amplifier 

One way of calculating a circuit’s output 
impedance is to divide the circuit’s output 
voltage with no load (known as its open 
circuit voltage), by the output current 
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when the output terminal is short circuited 
to ground (its short circuit current). 

Figure 5a shows the circuit of a 
non-inverting negative feedback amplifier, 
whose output circuit is shown as a voltage 
generator and a series impedance. Output 
voltage of the generator is Ae, and the 
impedance is the open loop impedance, 
Z,. A block diagram representation is 
shown in figure 5b. We can now see why 
the open circuit voltage, divided by the 
short circuit current, gives the value of the 
output impedance — because the open 
circuit voltage is the voltage across the 
impedance when the output is short 
circuited. 

Now, the open circuit output voltage: 

Ax 
Ve. = Ae = iA 

The short circuit output current can be 
calculated because upon short circuit, y = 
O. So the feedback signal, z = 0. Thus the 
error signal, e = x. So, the short circuit 
current: 


Ax 


[> 
sc Z 

The overall output impedance is thus: 

Vi Ax Z, 


I.  (1+AB)Ax 
Ly 
1+ AB 


The output impedance has been reduced 
by the feedback factor. 








Li = 





(continued in part 25) 


5. (a) A non-inverting 
negative feedback 

amplifier circuit; (b) its 
block diagram equivalent. 








TEST YOUR PROGRESS - 
with the 


JUTEL 


SOLID STATE ELECTRONICS — 24 


1. Op-amps are so called because they were originally 
designed to perform mathematical operations, and are 
ready for operation with only a few additional components. 


True or False? 


2. Op-amps can be used as differential amplifiers. This 
means that: 


a They will perform a c The output is equal to the gain 
differentiation function multiplied by the difference 

b The difference between the between the inputs 
output and the input is equalto daandc 


the gain 


3. The open Wek, pele of a common op-amp is approx- 
imately 200,000. What sort of frequency range is this figure 
valid for? 
a 0-5 Hz 

b 100 Hz-20 kHz 


c 0-10 kHz 
d 10-20 Hz 


4. Creating a closed loop brings about feedback conditions. 


True or False? 


| 5. Negative feedback occurs when all or part of an 
operational amplifier’s output is fed back to its inverting 
input. 

True or False? 


6. Positive feedback occurs when all or part of an oper- 


ational amplifier’s output is fed back to its inverting input. 
True or False? 


7. Negative feedback: © 
a Increases gain 

b Increases bandwidth 

c Decreases gain 


d Decreases bandwidth 
eaandd 


fbandc 


8. With an op-amp which has resistive feedback, the closed 


loop gain is defined as: 
aG= Vio i Vout 
b G = R.., / Rou 
C G — Vv. iV. 


dG= —R./R, 
eaandb 


fcandd 


9. Positive feedback can be used to make op-amps oscillate. 


The actual oscillations are set up by: 


aA pilot tone introduced into the c Electrical noise 
circuit every time itis switched __d Phase shifting 
on e None of these 
b A tuned circuit 


10. Op-amps are used in the design of electrical test 
equipment like meters, because they increase the sensitivity _ 


range that a moving coil meter can respond to. 


True or False? 


QUIZ 


DIGITAL ELECTRONICS — 22 


1. Capacitive cross-talk 


a ls a systematic error 
b Can be eliminated 
c Can be reduced 


2. Every instrumentation system should have as fast a 
response time as possible. | 


True or False? 


daandb 
eaandc 
f None of these 


3. Resistance of a piezoresistive element varies: 


alfitis shortened by anapplied clfastrainis applied 
force d All of these 
b If it is lengthened by stretching eNone of these 


4. |f a transducer is not a linear device: 


a The signal processor may c It will not make any difference 
correct any non-linearity d It must not be used 

b This will seriously affect the ebandc 
linearity of the system 


5. Capacitive hum: 

a Occurs at a totally different 
frequency to inductive hum 

b Occurs at the same frequency 
as inductive cross-talk 


6. Inductive interference is caused because of the capacitive 
effect of two parallel wires. 

True or False 

7 An instrumentation system with an overall error of 1 V is 
more accurate than an instrumentation system with: 


a An accuracy of 10% eaandc 

b An error of 0.5A f There is not enough information 
c Hysteresis to answer the question 

d All of these g None of these 


8. Instrumentation systems are used purely to provide 
displays of measured quantities for human observers. 


True or False? 


cls always negligible 
dbandc 


e None of these 


Answers to last week's quiz 


DIGITAL ELECTRONICS—20 
Id 

2 False 

3c 


DIGITAL ELECTRONICS—21 
ld 

2 False 

3 False 

4d 
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